This study analyzed the spatial and temporal expression pattern of zebrafish wnt11 and the regulation of the expression during zebrafish early development, focusing on the interaction with the no tail (ntl) gene, a zebrafish orthologue of mouse Brachyury (T). Zygotic expression of wnt11 was first detected at the late blastula stage in the blastoderm margin, a presumptive mesoderm region. wnt11 expression coincided with mesoderm induction, and the expression was induced by mesoderm inducers such as the yolk cell (Mizuno, T., Yamaha, E., Wakahara, M., Kuroiwa, A., Takeda, H., 1996. Mesoderm induction in zebrafish. Nature 383, 131-132) or fibroblast growth factors (FGFs), indicating that, like ntl, wnt11 is one of the immediate-early genes in mesoderm induction. Initial expression domains of wnt11 and ntl overlapped, and these genes showed a similar response to mesoderm inducers. However, analysis of the ntl mutant embryos suggested that wnt11 and ntl are placed in distinct genetic pathways; the ntl mutation had no effect on wnt11 expression in the blastoderm margin. This was further supported by the result of RNA injection experiments showing that overexpression of Wnt11 did not affect ntl expression in the margin. Thus, wnt11 and ntl expression are induced and maintained independently in their initial phase of expression. In later stages, wnt11 was expressed in various organs, such as the somites, particularly in the developing notochord. Since no wnt gene has been reported to be expressed in the axial mesoderm, which is known to act as a signaling source that patterns the neural tube and somites, zebrafish wnt11 is the first wnt gene expressed in the notochord. Furthermore, in contrast to early expression, wnt11 expression in the notochord depended on Ntl activity. In the ntl mutant in which somite patterning is severely affected, wnt11 expression was completely lost, while another signaling molecule, sonic hedgehog is expressed in the mutant notochord precursor cells (Krauss, S., Concordet, J.-P., Ingham, P.W., 1993. A functionally conserved homolog of the Drosophila segment polarity gene hh is expressed in tissues with polarizing activity in zebrafish embryos. Cell 75, 1431Cell 75, -1444. wnt11 expression in the somite also shows a characteristic pattern, correlated with the migration and differentiation of slow muscle precursors. These observations suggest a role for wnt11 in patterning the somites.
Introduction
The wnt gene family has been implicated in pattern formation during development in a wide range of invertebrates and vertebrates. Consistent with a role in cell-cell signaling, the wnt genes encode secreted, glycosylated proteins which associate with the extracellular matrix and the cell surface (Bradley and Brown, 1990; Papkoff and Schryver, 1990; Parkin et al., 1993) . The majority of wnt genes show characteristic expression patterns during early development, suggesting roles for these genes in processes ranging from dorsoventral axis formation, mesoderm induction and anteroposterior specification of the central nervous system (reviewed in Moon, 1993) . Indeed, targeted disruptions of several murine wnt genes indicate a requirement for these genes in midbrain/hindbrain formation, the development of the trunk region, and the establishment of dorsoventral polarity of the limb (McMahon and Bradley, 1990 ; Thomas and Capecchi, 1990; Takada et al., 1994; Parr and McMahon, 1995) . Moreover, injection of synthetic RNAs encoding wnt genes ventrally into cleavage-stage Xenopus embryos induces the formation of an ectopic Nieuwkoop center, leading to the duplication of the embryonic axis (McMahon and Moon, 1989; Smith and Harland, 1991; Wolda and Moon, 1993) . This indicates a possible involvement for wnt signaling in primary axis specification.
To study the role of wnt genes in zebrafish, a species offering a number of advantages for developmental analysis from primary axis formation to late organogenesis, we isolated several members of the wnt gene family by polymerase chain reaction (PCR) from gastrula mRNAs. Here, we demonstrated the detailed pattern and regulation of the expression of zebrafish wnt11, focusing on the interaction with no tail gene (ntl), a zebrafish orthologue of mouse Brachyury (T). wnt11 was first isolated in Xenopus as a maternally-expressed wnt gene and has been implicated in primary axis specification (Ku and Melton, 1993; Glinka et al., 1996) . In later stages, wnt11 is expressed in the dermatome structures of the developing somite, suggesting a role in cell fate determination within the somite (Christiansen et al., 1995; Tanda et al., 1995) . In spite of these findings, the mechanisms underlying the regulation of wnt11 expression in early embryos remains largely unknown. In the present study, we have asked which tissues, factors and genes were involved in induction and maintenance of wnt11 expression in mesodermal lineage in zebrafish embryos. We found that, like ntl, wnt11 is an immediate-early gene activated in response to mesoderm-inducing signals from the yolk cell. More importantly, wnt11 is expressed in the notochord, which expression is abolished by the ntl mutation, suggesting a role in inductive interactions between the notochord and its surrounding tissues such as the somite. The expression in the somite of zebrafish embryos also shows a characteristic pattern, correlated with the morphogenetic movement and differentiation of the slow muscle precursor cells.
Results

Cloning and characterization of zebrafish wnt11
To isolate wnt genes expressed in the early development of zebrafish, RT-PCR was performed using a gastrula cDNA with degenerate oligonucleotides made from amino acid sequences conserved among other Wnt family proteins. Three different cDNA fragments were obtained and used as probes for in situ hybridization. We found that one of these cDNA fragments provided a specific expression pattern during gastrulation. A full-length cDNA for the fragment was obtained from an ovary cDNA library. Sequencing analysis revealed that the clone includes a poly (A) tail and a long open reading frame which contains 354 amino acids, including a hydrophobic signal sequence at the 5′ end and most of the cysteine residues that are conserved among other known Wnts (Fig. 1) . We identified the predicted protein as a zebrafish Wnt11 since it shares 60-70% identity with mouse, chicken and Xenopus Wnt11 ( Fig. 1 ) but lower identity (30-35%) with other Wnts Fig. 1 . Amino acid sequence alignment of the predicted zebrafish Wnt11 (zWnt11) protein against the entire predicted Xenopus Wnt11 (Xwnt11; Ku and Melton, 1993) , chicken Wnt11 (cWnt11; Tanda et al., l995) and murine Wnt11 (mWnt11, Christiansen et al., 1995) . Dots represent identical amino acids and horizontal bars indicate gaps introduced for optimal alignment. Asterisks denote the positions of the conserved cysteine residues. including those obtained in zebrafish (Molven et al., 1991; Kelly et al., 1993 Kelly et al., , 1995 .
Expression of zebrafish wnt11 transcripts during embryonic development
The amount of wnt11 transcripts expressed during development was determined by RNase protection assay (Fig. 2) . This assay produced a single protected fragment with the expected size at all stages examined ( Fig. 2A) . The protected fragment was abundant in ovary mRNA. However, only small amounts of the transcripts were detected throughout the cleavage stage (Fig. 2B) . The expression increases after midblastula transition (MBT, 1000-cell stage in zebrafish, Kane and Kimmel, 1993) , reaching a maximum at the gastrula stage. Substantial amounts of the transcripts are present at least until 24 h postfertilization (h.p.f.).
Whole-mount in situ hybridization was used to examine the temporal and spatial expression pattern of wnt11 during embryonic development. Although a weak maternal signal was detected by the protection assay (Fig. 2) , no positive signal was detected until the onset of zygotic expression, probably due to a lower sensitivity of in situ hybridization.
The transcripts were first detected in a part of the blastoderm margin at the oblong stage (3.7 h.p.f.) (Fig. 3A,B) . Doublestaining with wnt11 and goosecoid (gsc, Stachel et al., 1993) probes revealed that wnt11 expression started in the dorsal part of the blastoderm margin (data not shown). It seems that wnt11 expression precedes the activation of no tail (ntl) which is frequently referred to as a pan-mesodermal marker (Schulte-Merker et al., 1992) . Under our experimental conditions, the ntl transcripts were first detected at the late oblong stage (3.8-3.9 h.p.f.) in the same dorsal region as wnt11 (data not shown, Schulte-Merker et al., 1994a) .
The expression in the dorsal margin expanded ventrally as development proceeded, and the entire margin had become positive by the late blastula stage (the dome stage, 4.3 h.p.f.) (Fig. 3C) . Staining was present initially in both the superficial (including the enveloping layer) and deep layers of the margin which gives rise to mesoendodermal cell lineages (Fig. 3D) . At this stage, expression domains of wnt11 and ntl almost overlapped, as confirmed by double-staining with antisense wnt11 probe and anti-Ntl antibody (Fig. 3E,F) . Neither wnt11 transcripts nor Ntl protein were detected in the yolk syncytial layer during gastrulation (Fig. 3F) . When gastrulation started, only the epiblast Fig. 2 . RNase protection assay to analyze the ontogenetic expression pattern of zebrafish wnt11. Ten micrograms of total RNA from the adult ovary tissues and embryos at each stage were hybridized to uniformly labeled antisense RNA probe of wnt11 (A). For internal control, antisense RNA probe of 5S rRNA was also included in the hybridization mixture (shown in the lower panel). Yeast RNA was used as a negative control (right lane). The protected fragments were analyzed in a sequencing gel. The intensity of each protected fragment was measured and normalized by that of the internal control. The relative abundance of wnt11 mRNA compared with that of 24-h embryos is shown in (B).
showed a high level of wnt11 expression, while the involuted hypoblast did not (Fig. 3G,H) . Expression in the epiblast near the margin persisted throughout gastrulation although the staining intensity became decreased in the ventral region, while it remained high in the dorsal region (Fig. 3I,J) which converges into the tailbud. When gastrulation was close to finishing, a new positive region appeared in the dorsal epiblast, which corresponded to the future midbrain and hindbrain and the otic placodes (Fig. 3I ). This was confirmed by double-staining with wnt11 and pax [b] probes (Fig. 3K) . The expression domain of pax [b] , which was confined to the midbrain/hindbrain boundary (Krauss et al., 1991) , resided within the wnt11-expression domain.
At the early segmentation stage, wnt11 expression remained in the tailbud and head region (Fig. 4A,B) . Moreover, a positive signal was detected in the dorsal midline of the embryo (Fig. 4A) . The expression in the midline became stronger, reaching a maximum at the 5-to 12-somite stage (Fig. 4C,D) . Histological examination revealed that the expression in the dorsal midline is confined to the developing notochord (Fig. 4E) . However, the newly-formed noto- chord did not express wnt11, as confirmed by double-staining with anti-sense wnt11 probe and anti-Ntl antibody: the posteriormost notochord is positive only for Ntl protein (Fig. 4F) . Thus, the expression in the notochord is activated de novo but is not a continuous expression from the dorsal margin. As notochord formation proceeded caudally, the expression began to diminish in a rostral to caudal progression, coinciding with the changes in cell shape that accompany notochord cell differentiation. By the 16-somite stage, the expression was restricted to the caudal region of the notochord (Fig. 5A ). However, the medial part of the somite adjacent to the notochord started to express wnt11 (Fig. 5A ). White arrows indicate the expression in the hindbrain region, which is confined to the otic placodes in later stages. The weak expression in the midbrain region is also observed in (A-D) (white arrowheads). The expression in the germ ring finally converged to the tailbud (red arrowheads in (B) and (D)). (E) Histological section of a 12-somite stage embryo hybridized with wnt11 probe. The expression in the midline is confined to the notochord (arrowhead). (F) Dorso-vegetal view of a 9-somite stage embryo stained with wnt11 antisense probe and anti-Ntl antibody. The black arrowhead indicates the expression in the dorsal midline. The midline region between the posterior limit of wnt11 (arrow) and the tailbud (red arrowhead) stains brown, indicating that this region is positive only for Ntl protein. In all figures except (E) and (F), the animal pole is at the top. In (E) and (F), dorsal to the top. All scale bars, 100 mm. Abbreviations: YC, yolk cell; NT, neural tube; SM, somite. Biotin-labeled donor cell, from which the blastoderm had been removed, was transplanted onto the animal-pole region of an unlabeled host embryo of the same developmental stage (the 512-cell-to-sphere stage). Recombinants were examined at the shield stage. (B) Ectopic expression (indicated by arrowheads) is induced in a circumferential ring around the grafted yolk cell, which is a similar expression pattern to that seen in the host blastoderm margin (arrows). A histological section (C) demonstrates ectopic expression (arrowhead) in unlabeled host cells near the labeled donor yolk syncytial layer (stains brown after biotin-avidin peroxidase staining). The endogenous expression is indicated by an arrow. Under our experimental conditions, a few donor blastomeres were sometime contaminated (red arrowhead) because of their tight adhesion with the yolk cell. However, those cells did not affect any gene expression in the host (Mizuno et al., 1996) . (D-F) Implantation of beads, soaked in 10 mg of bFGF (D,E) or BSA (F), into the hosts at the sphere stage. wnt11 (D,F) and ntl expression (E) around the implanted beads (marked by asterisks). The host was fixed at the shield-to-55%-epiboly stage and examined for wnt11 and ntl expression. Note that ectopic expression of wnt11 (D, oblique animal-pole view) and ntl (E, lateral view) is induced around the bFGF-beads, while no such induction was seen around the control bead soaked in BSA solution (F, lateral view). (G,H) Effect of overexpression of the dominant-negative FGF receptor (XFD) on wnt11 in the blastoderm margin of the shield stage embryo, viewed from the animal pole. Embryos injected with XFD mRNA shows gaps (marked by a pair of arrowheads) in wnt11 expression (G). In a control embryo injected with HAVnot mRNA, wnt11 expression appears as a ring of staining throughout the margin (H). All scale bars, 100 mm. Abbreviation: YSL, yolk syncytial layer. Fig. 7 . wnt11 expression in ntl mutants. (A,B) Histological sections of the germ ring from ntl (A) and wild-type (B) early gastrula which were double-stained with wnt11 antisense probe and anti-Ntl antibody. In the wild-type embryo, both nuclear staining of Ntl (brown) and wnt11 staining (blue) are observed (B). Note that the epiblast near the margin expresses both wnt11 and Ntl. In the mutant where no nuclear staining of Ntl protein is detected, wnt11 staining persists at a normal level (A). (C,D) Lateral (C) and dorsal (D) views of wnt11 expression in the ntl mutant at the 9-somite stage. In the ntl mutant, no expression is detected in the dorsal midline (black arrowheads) including the tailbud, while the weak expression in the otic placodes (white arrows) and in the midbrain region (white arrowhead) remain intact (Compare with Fig. 4C,D) . (E,F) Lateral view (E) of wnt11 expression in the ntl mutant at the 24-h.p.f. stage and the higher magnification (F) of the trunk region of the same embryo. Substantial expression in the somite is observed in the first 5-7 somites. However, the expression domain is irregularly shaped compared with that in the wild-type embryo (Fig. 5B,C) . All scale bars, 100 mm. Abbreviations: YC, yolk cell; EP, epiblast; HP, hypoblast.
As somite formation continued, the expression became stronger and the positive region moved laterally within the somite. By 24 h.p.f., the expression was confined to the lateral part of the somite (myotome), was more intense in the ventral region and was strongest in the center of the myotome which forms the myoseptum (Fig. 5B-D) . Recent works have demonstrated that zebrafish slow muscle cells are located at the lateral edge of the somite (Devoto et al., 1996; Blagden et al., 1997) . Thus, it seemed that slow muscle cells expressed wnt11. To confirm this, 24-h embryos were fixed and stained with BA-D5 antibody that specifically detects slow myosin heavy chain (MyHC) in zebrafish, chicken and mammals ( Fig. 5K ; Blagden et al., 1997) . The comparison of Fig. 5D with Fig. 5K (cross-sections at the same level of the trunk) showed that wnt11 was expressed in the relatively broad region including slow muscle cells.
Regulation of wnt11 expression by mesoderm inducers
In zebrafish, the mesoderm is induced by the yolk cell (Mizuno et al., 1996) . Since initial expression of wnt11 appears in the presumptive mesoderm region, we examined a role for the yolk cell in induction of wnt11 expression. Biotin-labeled yolk cell, from which the blastoderm had been removed, was transplanted onto the animal-pole region of an unlabeled host blastula (Fig. 6A) . The recombinants were then allowed to develop until sibling embryos reached the shield stage, and were processed for in situ hybridization, followed by biotin-avidin-peroxidase staining to visualize donor cells. As shown in Fig. 6B , wnt11 was induced as a circumferential ring around the transplanted yolk cell (all were positive of 18 operations). Histological analysis showed that wnt11 is ectopically expressed in unlabeled host cells adjacent to the labeled donor yolk syncytial layer (Fig. 6C) .
Given the potential role for fibroblast growth factor (FGF) in mesoderm induction, we then looked for the effects of FGF on the expression of wnt11 during early gastrulation. A bead soaked in bFGF (10 mg/ml) was implanted into a blastula-stage embryo. In the operated embryos, both wnt11 and ntl were induced around the bead ( Fig. 6D,E ; all were positive of 18 implantations for wnt11 and of 11 ones for ntl). In control experiments, no induction of these genes was observed in a total of 19 operations around the BSA bead (Fig. 6F ). It appears that ntl is more sensitive to bFGF since ntl was effectively induced at lower concentration (1 mg/ml) of bFGF compared with wnt11 (data not shown). To further confirm the involvement of FGF signaling, we injected mRNAs into zebrafish embryos to express Xenopus dominant-negative FGFR (XFD) (Amaya et al., 1991 (Amaya et al., , 1993 . Injection of RNA encoding an XFD affected the expression of both wnt11 and ntl in the blastoderm margin. wnt11 and ntl transcripts were detected throughout the margin in most control (HAVnot)-injected embryos (Fig. 6H ), but gaps were frequently detected in the expression domain of wnt11 (Fig. 6G) and ntl in XFD-injected embryos (data not shown, Griffin et al., 1995) . The extent of these gaps varied, probably due to an uneven distribution of injected RNAs (Griffin et al., 1995) .
wnt11 expression in ntl mutant
As described above, the expression domain of wnt11 overlapped with that of ntl in the blastoderm margin and notochord. Moreover, the expression of wnt11 and ntl is regulated by FGF signaling in the margin. To test the idea that ntl and wnt11 interact in controlling their expression, we examined wnt11 expression in homozygous ntl mutant (ntl b195 /ntl bl95 ). In this mutant, the ntl gene is disrupted by an insertion of a 1544-bp DNA fragment within the coding region, which results in a premature termination of Ntl protein (Schulte-Merker et al., 1994b) . The ntl mutant embryo is characterized by a failure in notochord formation and tail elongation.
At the shield stage, mutant embryos cannot be distinguished morphologically from wild-type ones. Thus, the mutant phenotype was determined by staining with antiNtl antibody which does not recognize the mutant protein (Schulte-Merker et al., 1994b) . In situ hybridization with wnt11 probes, followed by staining with anti-Ntl antibody, demonstrated that ntl mutation did not affect wnt11 expression at this stage; wnt11 was expressed at a normal level in the blastoderm margin in the mutant embryo in which no nuclear staining of Ntl was detected (Fig. 7A,B) . In contrast, the expression in the dorsal midline, including the tailbud was absent in the mutant (Fig. 7C,D) .
In the 24-h mutant embryo, the first 17-19 pairs of somites are formed (Halpern et al., 1993) . As shown in Fig. 7E ,F, the wnt11-expression domain in the somite was affected, and irregularly shaped. The transcripts were substantially expressed in the first 5-7 somites but their expression was reduced and finally disappeared in more posterior somites (Fig. 7E,F) . The expression in the head region seemed to be unaffected (Fig. 7C,D) .
Wnt11 overexpression
To examine the effect of overexpression of Wnt11 on ntl expression, 1-cell stage embryos were injected with syn- Table 1 Effect of ectopic Wnt11 expression on gsc and ntl expression at the shield stage thetic RNA encoding wnt11 and were examined for ntl and gsc expression at the shield stage. The results are summarized in Table 1 . There was no apparent change in the expression pattern of ntl in injected embryos. However, some embryos showed a weak dorsalized phenotype; the expression domain of gsc was expanded in the dorsal region in the affected embryos, leading to an enlarged notochord at a later stage (Fig. 8) .
Discussion
The present findings indicate the spatial and temporal expression of wnt11 and regulation of the expression during zebrafish early development.
The early expression of wnt11 associated with mesoderm induction
Zebrafish wnt11 is maternally expressed. In Xenopus, the transcripts of Xwnt11 are vegetally localized during oogenesis and the cleavage stage (Ku and Melton, 1993) . Since the amount of maternal transcripts in zebrafish is much lower than that of zygotic ones, which is lower than the detection limit of in situ hybridization, we do not know at the moment whether or not they are localized in a specific region of the embryo. The zygotic expression of wnt11 starts soon after MBT, and the transcripts are accumulated in the blastoderm margin. Since this region forms the mesoderm, we examined the effect of the yolk cell and FGFbeads on wnt11 expression. These operations have been known to induce mesoderm in zebrafish pluripotent blastomeres (Mizuno et al., 1996 ; our unpublished data). We found that ectopic expression of wnt11 was induced around the transplanted yolk cell. Similarly, FGF-beads, when implanted at the blastula stage, induced wnt11 in the surrounding cells. Under these conditions, ntl, a pan-mesodermal marker, was also induced. The involvement of FGF signaling was further supported by the results of RNA-injection experiments, in which dominant-negative FGFR (XFD) was overexpressed in the embryos (Amaya et al., 1991) . As reported by Griffin et al. (1995) , ntl expression was partially blocked in the XFD-injected embryos, and the same result was obtained in wnt11 expression in the present study. These results demonstrate that wnt11 as well as ntl are activated in the blastoderm margin by mesoderm-inducing factors. From the timing of the expression, it is reasonable to speculate that wnt11 is one of the immediate-early genes activated in mesoderm induction.
Initial expression domains of wnt11 and ntl overlapped, and the timing of their expression was similar. Furthermore, these two genes showed a similar response to mesoderm inducers. These observations led us to postulate that the two genes can be placed in the same genetic pathway. However, this hypothesis is contradicted by our findings that the early expression of wnt11 was not affected by the ntl mutation in which Ntl activity is completely abolished (SchulteMerker et al., 1994b) and that injection of synthetic wnt11 mRNA did not cause any ectopic or elevated expression of ntl in the gastrula embryos. These results suggest that the expression of wnt11 and ntl is independently induced and maintained in the initial phase of expression.
When gastrulation starts, the deep cells near the margin involute to form the hypoblast, which is committed to giving rise to the mesoderm and endoderm, while the non-involuting deep cells form the outer epiblast. wnt11 expression remains high in the epiblast during gastrulation, while the gene is shut off in the hypoblast. In contrast, ntl continues to express in both germ layers in the margin (Schulte-Merker et al., 1992) . Thus, the expression domains of the two genes start to be segregated at the gastrula stage. This early expression pattern of wnt11 and ntl in zebrafish is virtually identical to that seen in Xenopus Ku and Melton, 1993) , suggesting a conserved function of wnt11 and ntl. In Xenopus, injection of Xwnt11 mRNA into UV-ventralized embryos substantially rescued the UV defect by inducing the formation of dorsal tissues (Ku and Melton, 1993) , suggesting that maternallyexpressed Xwnt11 is involved in primary axis specification through activation of the Nieuwkoop center. Consistent with this idea, the expansion of the gsc expression domain and the enlarged notochord were observed in some zebrafish embryos injected with wnt11 mRNA in the present study. However, Glinka et al. (1996) recently pointed out the importance of zygotic expression of wnt11 in dorsal epiblast for axis specification: Xenopus nodal-related 3, which is a member of the TGF-b family co-expressed with Xwnt11 in the organizer epithelium, operates closely with Xwnt11 to induce secondary embryonic axes. Thus, it is not clear at the moment whether the dorsalizing effects of Wnt11 are mediated by the activation of the Nieuwkoop center or by direct expansion of the organizer region.
Expression in the notochord
One of the important findings in the present study is that wnt11 is expressed in the notochord and that this expression requires Ntl activity. To date, more than ten wnt genes have been isolated, but no wnt gene has been reported to be expressed in the axial mesoderm, other than zebrafish wnt11. Since zebrafish wnt11 is not expressed in the mesoendodermal lineage during gastrulation, wnt11 is activated de novo in the axial mesoderm. The expression in the notochord, however, is transient and begins to fade away in a rostral to caudal sequence, which may reflect the temporal profile in inducing activity of the notochord.
Despite the absence of a differentiated notochord in ntl mutants, notochord precursor cells are present under the neural tube in the position where the notochord would normally be located (Halpern et al., 1993) . These mutant cells express shh, which accounts for normal floor-plate differentiation in the absence of the notochord (Krauss et al., 1993) . In contrast, no wnt11 expression was detected in notochord precursor cells, indicating that, unlike shh, wnt11 expression in the notochord requires Ntl activity. This Ntl-dependence of wnt11 expression in the notochord contrasted with the Ntl-independent activation in the blastoderm margin.
In vitro assay and gene disruption experiments have demonstrated that the secreted protein Shh is a potential signal molecule which mediates the inducing effects of the notochord on both the neural tube and somites (reviewed in Hammerschmidt et al., 1997) . However, somite patterning is severely affected, while the neural tube develops normally in ntl mutants. Since shh expression in the midline is maintained in ntl mutants, it is suggested that neural tube and somite patterning are mediated by distinct signals. Recently, Currie and Ingham (1996) reported that echidna hedgehog (ehh), which is expressed in the notochord under the control of Ntl activity, has the ability to rescue some of the somite defects in ntl mutants; the injection of ehh RNA restores the differentiation of muscle pioneer cells which are completely absent in the mutant embryos. This indicates that ehh is one of the signaling molecules required for somite differentiation. However, it still remains unclear whether or not the Hedgehog family (Shh and Ehh) alone is sufficient for differentiation and patterning of the somite. From the expression patterns in normal and in ntl mutant embryos, it appears that Wnt11 secreted by the notochord is also involved in the patterning of the somites. In this context, it is worth mentioning that wnt11 expression in the notochord is observed only in zebrafish. The expression pattern of wnt11 has been examined in other vertebrates, such as Xenopus, chicken and mouse (Ku and Melton, 1993; Christiansen et al., 1995; Tanda et al., 1995; Eisenberg et al., 1997) , but no notochord expression was clearly noted. Thus, the actual importance of Wnt11 in the notochord remains to be determined. To test this, we are planning a transplantation experiment with cultured cells secreting Wnt11, instead of RNA injection, to avoid its effects on axis formation. As described, injection of wnt11 RNAs caused the expansion of dorsal tissues (Fig. 8) and severe defects in the somite differentiation (data not shown). Indeed, it is hard to draw a specific conclusion for the role of Wnt11 in the notochord from the results of RNA injection.
Expression in the somites
As in other vertebrates, wnt11 is expressed in developing somites in zebrafish. Tanda et al. (1995) noted that chicken wnt11 is expressed in the most lateral part of the somite, the dermatome which gives rise to axial dermis, but not expressed in the sclerotome or myotome. Therefore, wnt11 is suggested to be involved in determination of cell fate stemmed from the somite. Consistent with their observations, zebrafish wnt11 was expressed in a restricted region within the somite. The transcripts first appeared in the most medial part of the somite next to the notochord, and the expression domain moved laterally and expanded along the entire dorsoventral axis. This dynamic change in expression may be correlated with the migration of slow muscle precursors. In zebrafish embryos, medial cells adjacent to the notochord migrate radially away from the notochord to the superficial layer of the myotome, where they finally differentiate into slow muscle fibers in the adult (Devoto et al., 1996) . Their migration starts after somite formation, coinciding with the onset of wnt11 expression in the medial part, and the expression domain seems to move as the medial cells migrate laterally. From the comparison between wnt11 and BA-D5 antibody (slow-muscle specific) staining, it is concluded that slow muscle cells at the lateral edge of the somite express wnt11. These observations suggest the involvement of zebrafish wnt11 in morphogenetic movement or differentiation of a specific cell type in the somite, especially slow muscle precursors. This notion is further supported by the observations with ntl mutants. In ntl mutants, wnt11 was substantially expressed in the anterior somites, while reduced or no expression was observed in the posterior ones. Similarly, differentiation and positioning of slow muscle cells are normal in the anterior region while they are severely affected in the posterior region of ntl embryos (Blagden et al., 1997) . It is known that, in the posterior region of ntl embryos, axial mesoderm defects are more severe and shh expression is reduced or lacking (Halpern et al., 1993; Blagden et al., 1997) . Thus, it is possible that wnt11 expression in the somite, like slow muscle development (Blagden et al., 1997) , depends on Shh from the axial mesoderm.
In conclusion, zebrafish wnt11 was found to be first activated in the presumptive mesoderm by mesoderm inducers through an Ntl-independent pathway, and expressed in various organs in later stages. Zebrafish wnt11 was the first wnt gene expressed in the notochord, which is under the control of Ntl activity. The expression pattern in the notochord and somites suggests a role for the gene in patterning and differentiation of the somites.
Materials and methods
Zebrafish embryos
Zebrafish, Danio rerio, were maintained at 28.5°C and embryos were collected from natural spawning. ntl b195 heterozygotes were kindly provided by Dr. C.B. Kimmel. Embryos were cultured in 1/3 zebrafish Ringer solution (39 mM NaCl, 1 mM KCl, 1.7 mM HEPES, 1.8 mM CaCl 2 , at pH 7.2) and staged according to Kimmel et al. (1995) .
Cloning of the wnt11 cDNA
Degenerate oligonucleotide primers were designed for the conserved region of several Wnts. A sense primer (5′GGGGAATTCCA(A/G)GA(A/G)TG(C/T)AA(A/G)T-G(C/T)CA(C/T)GG 3′) encoding the amino acid sequence QECKCHG and an antisense primer (5′ATAGGATCC-CCA(A/G)TG(A/G)AA(C/T)TT(A/G)CA(A/G)TG(A/G)C 3′) encoding the amino acid sequence WHFKCHC were used for amplification.
Total RNA from the shield-stage embryos was prepared by the acid guanidium thiocyanate/phenol/chloroform extraction method (Chomczynski and Sacchi, 1987) . Firststrand cDNA was synthesized using 10 mg of total RNA. For PCR, 1/10 of the volume of the first-strand cDNA was used for amplification. PCR products of 350-400 bp were cloned into pBluescript II SK+ (Stratagene) and sequenced. Three different wnt genes were identified, and their expression pattern was examined by whole-mount in situ hybridization. One clone showing a characteristic expression pattern during early embryogenesis was chosen and used as a probe to screen a Lambda ZAP cDNA library constructed from ovary RNA. The cDNA clone obtained was 2172 nucleotides long and contained a single long open reading frame of 354 amino acids.
RNase protection assay
RNase protection assays were carried out as previously described (Takeda et al., 1994) except that 10 mg of zebrafish total RNA was used instead of embryo extract. For making the 32 P-UTP-labeled antisense probe, the XhoIBstXI fragment of wnt11 cDNA (residues 1-273) was subcloned and used as a template. The RNA probe was synthesized in vitro by T3 or T7 RNA polymerase (Promega) from the linearized plasmid. For an internal control, anti-sense probe for 5S rRNA (Strähle et al., 1993) was included in the hybridization mixture at a ratio of 1:20 against the wnt11 probe. The expected length of the protected fragment was 273 nucleotides for wnt11 mRNA and 115 nucleotides for 5S rRNA.
Whole-mount in situ hybridization and immunostaining
DIG-11-UTP-labeled single-stranded RNA probes were generated by in vitro transcription using the plasmid containing full-length cDNA of wnt11, ntl and pax [b] according to the manufacturer's protocol (DIG RNA labeling kit; Boehringer Mannheim, Mannheim, Germany).
Whole-mount in situ hybridization was carried out as previously described (Takeda et al., 1994) with the following modifications. After rehydration of fixed embryos with 0.1% Tween-20 in phosphate buffered saline, those older than 12 h.p.f. (6-somite stage) were treated with 5 mg/ml Proteinase K in PBS, incubated in 2 mg/ml glycine-HCl in phosphate buffered saline (PBS), then washed twice with PBST. Hybridization with labeled probe was done at 57°C. Maleic acid buffer (MAB, 100 mM maleic acid, 150 mM NaCl, pH 7.5) was used instead of PBS for staining procedures with anti-DIG antibody. After in situ hybridization, some embryos were doublestained with anti-Ntl antibody (Schulte-Merker et al., 1992) . The embryos were washed three times with MAB, then incubated in MABD (1% dimethyl sulfoxide (DMSO) in MAB) and MABDN (2% fetal calf serum in MABD) for 30 min each. Embryos were then incubated overnight with the rabbit anti-Ntl antibody (a gift from Dr. Schulte-Merker) at a dilution of 1:1000 at 4°C. After four washes (30 min each) with MABD and blocking with MABDN for 30 min, embryos were incubated overnight with the second antibody (antirabbit IgG biotinylated antibody; Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA) diluted 1:200 with MABD at 4°C. After washing four times with MABD (30 min each), detection of the antigen was performed with avidin-biotin HRP complex (ABC) staining using the Elite kit as described elsewhere (Westerfield, 1993) .
For immunostaining with monoclonal antibody, BA-D5 (a gift from Dr. Hughes), the embryos were fixed in graded methanol (25-100%) for total of 30 min. After washing with PBST and MABD, they were incubated overnight with the first antibody at a dilution of 1:10 at 4°C.
For histological analysis, embryos were embedded in Paraplast Plus (Oxford Labware) or Technovit 8100 (Heraeus Kulzer GmbH) and sectioned at 7-10 mm thickness.
Transplantation of the yolk cell
Yolk cell transplantation was performed as described in Mizuno et al. (1996) . Fertilized eggs at the 1-or 2-cell stage were labeled with an injection of a rhodamine-biotin mixture (1.65% rhodamine-dextran, 1% biotin-dextran in 0.2 M KCl, Molecular Probe). The chorions were removed using Pronase MS (Kaken Seiyaku, Tokyo, Japan). At the 512-cell-to-sphere stage, the blastoderm was mechanically removed from biotin-labeled donor embryos in Ca 2+ -free 1/3 Ringer solution (containing 10 mM EDTA). Recombination of donor yolk cells with host blastula was carried out in l× Ringer solution with the yolk syncytial layer of the donor facing the host animal pole. The recombinants were then incubated for one half-hour in 1× Ringer, were transferred back into 1/3 Ringer, and were cultured until sibling embryos reached the shield stage. The recombinants were fixed and processed for in situ hybridization, followed by ABC staining as described (Miyagawa et al., 1996) in order to visualize donor cells.
Implantation of beads
Heparin-insolubilized acrylic beads (Sigma, St. Louis, MO) were washed twice with PBS and once with 1% crystallized-BSA(Seikagaku, Tokyo, Japan)/PBS. The solution containing the beads (40 ml) was then brought to 100 ml by adding 0.1% BSA/PBS containing recombinant human bFGF (R&D) at a final concentration of 1 or 10 mg/ml. For the control experiment, a batch of beads was diluted with 0.1% BSA/PBS. The beads were placed at room temperature for 1-1.5 h, washed out twice with 0.1% BSA/PBS, and placed on ice until use. Implantation of the beads was performed at the sphere stage. After 3 h of incubation at 28.5°C, embryos were fixed and processed for in situ hybridization.
mRNA microinjection
Capped sense RNAs were synthesized using the MEGAscript large scale transcription kit (Ambion, Austin, TX) from the plasmid containing full-length wnt11 cDNA, pXFD/Xss or pHAVNOT plasmids (the latter two were kindly provided by Dr. E. Amaya). The plasmid vector used contained Xenopus b-globin 5′ and 3′ untranslated sequences (Krieg and Melton, 1984) . The mRNAs synthesized were diluted to 0.4-0.6 mg/ml with distilled water containing 0. 1% phenol red and injected into 1-or 2-cell stage embryos. Injected embryos were cultured in 1/3 Ringer and fixed at the shield stage.
